M4065.0904/P904 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPLICATION FOR U.S. LETTERS PATENT 



Title: 

TAILORING GATE WORK-FUNCTION IN IMAGE SENSORS 



Inventor: 
Chandra Mouli 



Thomas J. D'Amico 

DICKSTEIN SHAPIRO MORIN & 

OSHINSKY LLP 
2101 L Street NW 
Washington, DC 20037-1526 
(202) 828-2232 



1 563075 V2: XS2R02I.DOC 



M4065.0904/P904 

TAILORING GATE WORK-FUNCTION IN IMAGE SENSORS 

FIELD OF THE INVENTION 
[0001] The present invention relates to the field of semiconductor 

devices, particularly to an improved pixel cell for high efficiency charge transfer 
and reduced lag. 

BACKGROUND OF THE INVENTION 

[0002] Complimentary metal oxide semiconductor (CMOS) image 

sensors are increasingly being used as low cost imaging devices. A CMOS image 
sensor circuit includes a focal plane array of pixel cells. Each one of the cells 
includes a photo-conversion device, such as a photogate, photoconductor, or 
photodiode, overlying a charge accumulation region within a substrate for 
accumulating photo-generated charge. Each pixel cell may include a transistor 
for transferring charge from the charge accumulation region to a sensing node, 
and a transistor, for resetting the sensing node to a predetermined charge level 
prior to charge transference. The pixel cell may also include a source follower 
transistor for receiving and amplifying charge from the sensing node and an 
access transistor for controlling the readout of the cell contents from the source 
follower transistor. 

[0003] In a CMOS image sensor, the active elements of a pixel cell 

perform the necessary functions of: (1) photon to charge conversion; (2) 
accumulation of photo-generated charge; (3) transfer of charge to the sensing 
node accompanied by charge amplification; (4) resetting the sensing node to a 
known state before a transfer of charge to it; (5) selection of a pixel for readout; 
and (6) output and amplification of a signal representing pixel charge from the 
sensing node. Photo-generated charge may be amplified when it moves from the 
initial charge accumulation region to the floating diffusion node. The charge at 
the sensing node is typically converted to a pixel output voltage by a source 
follower output transistor. 

1 



M4065.0904/P904 

[0004] CMOS image sensors of the type discussed above are generally 

known and are discussed in Nixon et ah, "256x256 CMOS Active Pixel Sensor 
Camera-on-a-Chip," IEEE Journal of Solid-State Circuits, Vol. 31(12), pp. 
2046-2050 (1996); and Mendis et al., "CMOS Active Pixel Image Sensors," 
IEEE Transactions on Electron Devices, Vol. 41(3), pp. 452-453 (1994). See 
also U.S. Patent Nos. 6,177,333 and 6,204,524, which describe operation of 
conventional CMOS image sensors, the contents of which are incorporated 
herein by reference. 

[0005] A schematic top view of a portion of a semiconductor wafer 

fragment containing a conventional CMOS pixel cell is shown in FIG. 1. The 
CMOS pixel cell 10 is a four transistor (4T) cell. The pixel cell 10 generally 
comprises a photo-conversion device 21 for collecting charges generated by light 
incident on the pixel, and a transfer gate 7 for transferring photoelectric charges 
from the photo-conversion device 21 to a sensing node 4, typically a floating 
diffusion region 4. The floating diffusion region 4 is electrically connected to the 
gate of an output source follower transistor 11. The pixel cell 10 also includes a 
reset transistor 9 for resetting the floating diffusion region 4 to a predetermined 
voltage before a photoelectric charges are transferred; a source follower transistor 
1 1 which receives at its gate an electrical signal representative of the photoelectric 
charges from the floating diffusion region 4; and a row select transistor 13 for 
outputting a signal from the source follower transistor 1 1 to an output terminal 
in response to an address signal. 

[0006] FIG. 2 is a diagrammatic side sectional view of the pixel cell 10 

of FIG. 1 taken along line 2-2'. As shown in FIG. 2, in the conventional CMOS 
pixel cell 10 the photo-conversion device 21 is a pinned photodiode. The 
pinned photodiode 21 has a photosensitive p-n-p junction region comprising a 
p-type surface layer 5 and an n-type photodiode region 14 within a p-type active 
layer 1, which is typically a lightly doped p- active area. Adjacent to the pinned 
photodiode 21 is a gate 7 of a transfer transistor. Typically, the transfer gate 7 is 
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an n+ gate having a gate electrode 8 comprising a layer of heavily doped n-type 
poly silicon. 

[0007] In the conventional CMOS pixel cell 10 depicted in FIGS. 1 

and 2, charge in the form of electrons is generated by light incident externally to 
the pixel cell 10 and stored in the n-type photodiode region 14. This charge is 
transferred to the floating diffusion region 4 by the gate 7 of the transfer 
transistor. The source follower transistor 11 produces an output signal from the 
transferred charges. The output signal is proportional to the charge, or number 
of electrons, extracted from the n-type photodiode region 14. 

[0008] Optimizing the characteristics of a transfer gate device is critical 

to providing a high performance CMOS image sensor. Ideally, a transfer gate 
should have very low leakage in the off state, a low threshold voltage, and no 
potential barriers that impede the flow of electrons in a region 30 where a photo- 
conversion device, such as the pinned photodiode 21, and transfer gate are in 
close proximity to one another. These characteristics can often conflict with one 
another and optimizing them is difficult. 

[0009] In a conventional CMOS pixel cell having a photo-conversion 

device, such as pinned photodiode 21, a potential barrier might exist where the 
transfer gate 7 and pinned photodiode 21 are in close proximity: the 
photodiode/transfer gate region 30. FIG. 3 is a graph representing the potential 
(V) in the pixel cell 10 along the distance (D) of line 3-3' (FIG. 2) in a direction 
from the pinned photodiode 21 to the transfer gate 7 and the floating diffusion 
region 4 of the CMOS pixel cell 10. The potential profile of FIG. 3 shows the 
potentials that an electron may encounter, including a potential barrier 31, as it is 
transferred from the pinned photodiode 21 to the floating diffusion region 4. 

[0010] As shown in FIG. 3, there is a potential barrier 31 

corresponding to the photodiode/transfer gate region 30. If this potential 
barrier is too high, a portion of the charge will be unable to move from the 
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photodiode 21 to the floating diffusion region 4. The greater the potential 
barrier, the less charge will be transferred to the floating diffusion region 4. This 
potential barrier is influenced by the characteristics of the pixel cell 10, including: 
1) p-type dopant levels in the channel region of the transfer gate 7; 2) dopant 
levels in the transfer gate 7 channel region used to adjust the threshold voltage; 
3) transfer gate 7 oxide thickness; 4) pinned photodiode 21 surface p-type 
dopant levels; 5) pinned photodiode 21 n-type dopant levels; and 6) any 
background p-type dopant concentration, 

[0011] The existence of a potential barrier in the photodiode/transfer 

gate region 30 is a significant problem in CMOS image sensors. A potential 
barrier in the photodiode/transfer gate region 30 causes incomplete charge 
transfer reducing the charge transfer efficiency of the pixel cell 10. Further, 
charge remaining in the photodiode 21 can affect charge collected for a 
subsequent image causing image lag, where a ghost image from the initial charge 
is apparent in a subsequent image. Previous methods to reduce this potential 
barrier have resulted in degraded sub-threshold leakage current for the transfer 
gate 7. It is difficult to optimize both the potential barrier and sub -threshold 
leakage current for the transfer gate 7 in CMOS image sensors. Accordingly, 
what is desired is a technique for manufacturing a CMOS pixel cell having both a 
reduced potential barrier in an area where a photodiode and a transfer gate 
structure are in close proximity to one another and also with low sub-threshold 
leakage characteristics. 

BRIEF SUMMARY OF THE INVENTION 

[0012] Embodiments of the invention address the problems described 

above and provide a method of forming a pixel cell and the resultant pixel cell. A 
pixel cell comprises a photo-conversion device formed at a surface of a substrate 
and a transistor adjacent to the photo-conversion device. The transistor 
comprises a gate overlying a channel region. The gate comprises at least one 
gate region having a work-function greater than a work-function of n+ 
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polysilicon. The channel region comprises respective portions below each gate 
region. A dopant concentration in at least one portion of the channel region is 
determined at least in part by the work-function of the respective gate region. 
Tailoring the gate work-function using an alternative material and/or dopant 
characteristics for the at least one gate region allow the gate and its operation to 
be modulated and optimized. Specifically, a desired threshold voltage may be 
achieved with reduced or omitted channel doping, thereby helping both to 
reduce a potential barrier in region where a photodiode and transfer gate are in 
close proximity to one another and to provide superior sub-threshold leakage 
characteristics for the gate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The foregoing and other aspects of the invention will be better 

understood from the following detailed description of the invention, which is 
provided in connection with the accompanying drawings, in which: 

[0014] FIG. 1 is a top plan view of a conventional CMOS pixel cell; 

[0015] FIG. 2 is a diagrammatic side sectional view of the FIG. 1 pixel 

cell taken along line 2-2'; 

[0016] FIG. 3 is a graph representing the potential profile of the FIG. 

2 pixel cell along a cut-line 3-3'; 

[0017] FIG. 4 is a diagrammatic side sectional view of a pixel cell 

according to an exemplary embodiment of the invention; 

[0018] FIG. 5A depicts the FIG. 4 pixel cell at an initial stage of 

processing; 

[0019] FIG. 5B depicts the FIG. 4 pixel cell at an intermediate stage of 

processing; 
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[0020] FIG. 5C depicts the FIG. 4 pixel cell at an intermediate stage 

of processing; 

[0021] FIG. 6A is a top plan view of a portion of a pixel cell according 

to an embodiment of the invention; 

[0022] FIG. 6B depicts a cross sectional view of the pixel cell of FIG. 

6A along line 6B-6B'; 

[0023] FIG. 7 A is a top plan view of a portion of a pixel cell according 

to an embodiment of the invention; 

[0024] FIG. 7B depicts a cross sectional view of the pixel cell of FIG. 

7 A along line 7B-7B'; 

[0025] FIG. 8 is a schematic diagram of a pixel cell according to an 

embodiment of the invention; 

[0026] FIG. 9 is a simplified block diagram of an image sensor 

incorporating the pixel cell of FIG. 6; and 

[0027] FIG. 10 illustrates a simplified block diagram of a computer 

processor system incorporating the FIG. 9 image sensor. 

DETAILED DESCRIPTION OF THE INVENTION 

[0028] In the following detailed description, reference is made to the 

accompanying drawings, which form a part hereof and illustrate specific 
embodiments in which the invention may be practiced. In the drawings, like 
reference numerals describe substantially similar components throughout the 
several views. These embodiments are described in sufficient detail to enable 
those skilled in the art to practice the invention, and it is to be understood that 
other embodiments may be utilized, and that structural, logical and electrical 
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changes may be made without departing from the spirit and scope of the present 
invention. 

[0029] The terms "wafer" and "substrate" are to be understood as 

including silicon, silicon-on-insulator (SOI), or silicon-on-sapphire (SOS) 
technology, doped and undoped semiconductors, epitaxial layers of silicon 
supported by a base semiconductor foundation, and other semiconductor 
structures. Furthermore, when reference is made to a "wafer" or "substrate" in 
the following description, previous process steps may have been utilized to form 
regions or junctions in the base semiconductor structure or foundation. In 
addition, the semiconductor need not be silicon- based, but could be based on 
silicon-germanium, germanium, or gallium-arsenide. 

[0030] The term "pixel" refers to a picture element unit cell 

containing a photo-conversion device and transistors for converting 
electromagnetic radiation to an electrical signal. For purposes of illustration, a 
representative pixel is illustrated in the figures and description herein, and 
typically fabrication of all pixels in an image sensor will proceed simultaneously in 
a similar fashion. 

[0031] Embodiments of the invention provide a method of forming a 

pixel cell for an image sensor and the resultant device. The pixel cell includes a 
photo-conversion device adjacent to a gate of a transfer transistor, which 
comprises a gate electrode. According to embodiments of the invention, the 
work- function of the transfer gate is tailored such that at a given threshold 
voltage, V t , the dopant concentration in a channel region of the transfer gate is 
reduced or eliminated as compared to a conventional pixel cell 10 (FIGS. 1 and 
2). Additionally, embodiments of the invention provide a transfer gate having a 
gate electrode comprising a plurality of regions having differently tailored work- 
functions. 
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[0032] The terms of the threshold voltage (V t ) equation include: the 

Fermi potential (2$> F ), the bulk charge (Qb), the oxide charge (Q ox ), the 
normalized gate dielectric capacitance (Cox), and the work-function difference 
(*ms). The equation for V t can be written as follows: 

V t = +|2* F | +|Q b /Cox| -|Qox/Cox | + 3> MS 

[0033] The Fermi potential (2<£ F ) is dependent on channel doping and 

increases with increased doping. The bulk charge (Qb) behaves the same way, 
but in a square root relationship. Cox is the normalized gate dielectric 
capacitance and increases as the gate dielectric thickness is reduced. The oxide 
charge (Q ox ) is a function of gate dielectric processing and includes a fixed and 
interface charge. The work-function difference (<$ms) is defined as the difference 
in the work-functions of the gate material (*m) and the substrate ($s). The 
work-function difference is dependent on the material of the gate electrode and 
is weakly dependent on the Fermi level of the substrate. 

[0034] The work-function of the gate electrode is a characteristic 

property of the material itself, and is the amount of energy, usually expressed in 
electron volts, required to remove an electron from the Fermi level of the 
material. The work- function of a gate electrode is important for its effect on the 
threshold voltage for a transistor. For example, there can be over a one -volt 
difference in the work-function between the gate electrodes of n+ polysilicon and 
p+ polysilicon. 

[0035] Referring now to the drawings, where like elements are 

designated by like reference numerals, FIG. 4 shows an exemplary pixel cell 400 
according to a first exemplary embodiment of the present invention. 

[0036] FIG. 4 illustrates an isolation region 409 in a substrate 401. 

There is also a gate structure 450 of a transfer transistor. The gate 450 includes 
a first layer of insulating material 453a over the substrate 401, a gate electrode 
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452 over the first insulating layer 453a, and a second insulating layer 453b over 
the gate electrode 452. On two lateral opposing sides of the stack of layers 453a, 
452, and 453b, are side wall spacers 451. 

[0037] Adjacent to the gate 450 is a photo-conversion device, which 

for exemplary purposes is a pinned photodiode 421. The pinned photodiode 
421 has a surface layer 405 of a first conductivity type overlying a region 414 of a 
second conductivity type within the substrate 401. Also adjacent to the gate 
450, but on an opposite side to the pinned photodiode 421, is a sensing node, 
which, for exemplary purposes, is a floating diffusion region 404. 

[0038] In a first exemplary embodiment of the invention, the transfer 

gate electrode 452 work-function is tailored by forming the transfer gate 450 
comprising a layer of doped or undoped mid-gap material. Mid-gap materials 
are those materials having a work-function falling between the work- functions of 
p+ silicon (Si) and n+ Si or, otherwise stated, between the conduction band and 
valence band of Si. Mid-gap materials may be comprised of two or more 
constituent materials. Examples of such materials include Si l x Ge x , TiN/W, 
Al/TiN, Ti/TiN, and TaSiN which are commonly used in semiconductor 
devices. Altering the mole fraction of the constituent material alloys in a mid- 
gap material alters the work-function of the mid-gap material. 

[0039] The work-function of the mid-gap material, and therefore the 

gate electrode 452, is tailored by altering the mole fractions of the constituent 
materials, such that the work-function of the gate electrode 452 is higher than 
the work-function of a conventional n+ gate electrode 8 (FIG. 2). At a same 
threshold voltage, V t , the dopant concentration in the channel region 455 of the 
transfer gate 450 is determined at least in part by the work-function of the gate 
electrode 452 and is lower than in a conventional pixel cell 10 (FIGS. 1 and 2), 
or may be eliminated. 
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[0040] The lower dopant concentration of the channel region serves to 

reduce a potential barrier in a photodiode/ transfer gate region 430 where the 
transfer gate 450 and the pinned photodiode 421 are in close proximity and to 
improve the sub-threshold leakage characteristics of the transfer gate 450. 

[0041] The formation of the pixel cell 400 shown in FIG. 4 will be 

described in connection with FIGS. 5A-C below. No particular order is required 
for any of the actions described herein, except for those logically requiring the 
results of prior actions. Accordingly, while the actions below are described as 
being performed in a general order, the order is exemplary only and may be 
altered. 

[0042] FIG. 5A depicts an isolation region 409 in a substrate 401. 

Preferably, the substrate 401 is a p-type silicon substrate 401. The isolation 
region 409 is formed within the substrate 401 and is filled with a dielectric 
material, which may include an oxide, such as SiO or Si0 2 ; oxynitride; a nitride, 
such as silicon nitride; silicon carbide; a high temperature polymer; or other 
suitable material. Preferably, as in this example, the isolation region is a shallow 
trench isolation (STI) region 409, formed by known STI processes. 

[0043] As shown in FIG. 5B, a gate 450 of a transfer transistor is 

formed over the substrate 401. Preferably, the gate 450 is a multilayer transfer 
gate stack comprising a first insulating layer 453a of grown or deposited silicon 
oxide on the substrate 401, a gate electrode 452 comprising a mid-gap material, 
and a second insulating layer 453b, which may be formed of an oxide (Si0 2 ), a 
nitride (silicon nitride), an oxynitride (silicon oxynitride), ON (oxide-nitride), 
NO (nitride-oxide), or ONO (oxide-nitride-oxide). The first and second 
insulating layers, 453a and 453b, and the gate electrode 452 may be formed by 
conventional deposition methods, such as chemical vapor deposition (CVD) or 
plasma chemical vapor deposition (PECVD), among others. The layers 453a, 
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452, and 453b are patterned to form the multilayer stack structure shown in 
FIG. 5B. 

[0044] The mid-gap material forming the gate electrode 452 has a 

work-function falling between the work-functions of p+ Si and n+ Si. The mid- 
gap material may be, for example Si^Ge^ TiN/W, Al/TiN, Ti/TiN, TaSiN or 
any other appropriate material. The mole fractions of the constituent materials 
are selected to achieve a desired work- function. The work function of the mid- 
gap material at least in part determines the dopant concentration in a channel 
region 455 (FIG. 4) of the gate 450, such that at a given threshold voltage, the 
dopant concentration is reduced or eliminated as compared with a conventional 
pixel cell 10 (FIGS. 1 and 2). 

[0045] Preferably, the mid-gap material for the gate electrode 452 is a 

layer 452 of Si lx Ge x . The mole fractions of Ge and Si are altered to achieve a 
desired work-function. Increasing the Ge mole fraction decreases the work- 
function. Preferably, the mole fraction of Ge in the Si lx Ge x layer 452 is 
approximately 0.4. 

[0046] Also, the Si lx Ge x layer 452 may be doped with p-type or n-type 

dopants. N-type dopants may be phosphorus, arsenic, antimony, or any other 
appropriate n-type dopant. P-type dopants may be boron, indium, or any other 
suitable p-type dopant. 

[0047] As is the case with n+ and p+ silicon, p+ Si^Gex has a higher 

work-function than n+ Si]_ x Ge x . The work-functions of p+ and n+ Si l x Ge x are 
discussed in King et al., "Electrical Properties of Heavily Doped Polycrystalline 
Silicon- Germanium Films," IEEE Trans. Elect. Dev. Vol. 2(41) pp. 228-232 
(Feb. 1994), which is incorporated herein by reference. As discussed by King et 
al. and noted above, the work-function of p+ and n+ Si l x Ge x decreases as the 
mole fraction of Ge increases. The mole fraction of Ge in a p+ Si l x Ge x layer 
452, however, has a greater effect on the work-function difference than in an 
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n+ Si 1 . x Ge x layer 452. Therefore, for a same range of mole fractions of Ge, a 
p+ Si lx Ge x layer 452 will have a wider range of corresponding work-functions 
than will an n+ Si 1 . x Ge x layer 452. 

[0048] Referring to FIG. 5R, the invention is not limited to the 

structure of the gate 450 as described above. Additional layers may be added or 
the gate 450 structure may be altered as is desired and known in the art, 
provided that the work-function of the gate electrode 452 is tailored according 
to the invention. For example, a silicide layer (not shown) may be formed 
between the gate electrode 452 and the second insulating layer 453b. The 
silicide layer may be included in the gate 450, or in all of the transistor gate 
structures in an image sensor circuit, and may be titanium silicide, tungsten 
silicide, cobalt silicide, molybdenum silicide, or tantalum silicide. This additional 
conductive layer may also be a barrier layer/refractor metal, such as TiN/W or 
W/Nx/W, or it could be formed entirely of WN X . 

[0049] A channel implant may also be conducted to implant a desired 

dopant in a channel region 455 below where the gate 450 is to be formed. Any 
suitable known technique may be used to dope channel region 455. 
Accordingly, channel region 455 may be doped, for example, before or after the 
gate 450 is fully formed. The channel region 455 may be implanted with a p- 
type dopant, which may be boron, indium, or any other suitable p-type dopant. 
As noted above, however, a channel implant may also be eliminated. 

[0050] Referring to FIG. 5C, a sensing node 404 is formed adjacent to 

the gate 450 and on an opposite side of the gate 450 from where the photodiode 
421 is to be formed. Preferably, the sensing node 404 is a floating diffusion 
region 404. The floating diffusion region 404 is formed in the substrate 420 by 
known methods as a doped region of second conductivity type, which is 
preferably n-type. 
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[0051] A photo- conversion device is also formed adjacent to the gate 

450 on a side opposite to the floating diffusion region 404. Preferably, as is 
shown in FIG. 5C, the photo-conversion device is a pinned photodiode 421. 
The pinned photodiode 421 may be formed by methods known in the art. 
Accordingly, a photodiode region 414 of a second conductivity type is formed in 
the substrate 401. Preferably, the photodiode region 414 is a lightly doped n- 
region 414. The n- region 414 is approximately aligned with an edge of the gate 

450 and forms a photosensitive charge accumulating region for collecting photo- 
generated electrons. 

[0052] A doped surface layer 405 of a first conductivity type is formed 

over the n- region 414. Preferably, the doped surface layer 405 is a highly doped 
p+ surface layer 405. The active dopant concentration of the p+ surface layer 
405 is preferably within the range of approximately 1 x 10 18 to 1 x 10 19 atoms 
per cm 3 , and more specifically is approximately 5 x 10 18 atoms per cm 3 . Boron is 
the preferred dopant, but other suitable p-type dopants, such as indium, may be 
used. Preferably, the p+ surface layer 405 is spaced away from the gate electrode 
452 by approximately 800 to 1200 A. 

[0053] To complete the structure shown in FIG. 4, sidewall spacers 

451 are formed on the sidewalls of the gate 450 by conventional methods. The 
sidewall spacers 451 may be an appropriate dielectric material, such as silicon 
dioxide, silicon nitride, an oxynitride, ON, NO, ONO, or TEOS, among others. 

[0054] Further processing may be employed to form other 

conventional features of a pixel cell. 

[0055] A second exemplary embodiment of the invention is described 

below. The second exemplary embodiment is similar to the first exemplary 
embodiment described above in connection with FIGS. 4 through 5C, except for 
the material comprising the gate electrode 452. For simplicity, the second 
exemplary embodiment is described with reference to FIG. 4 and only the 
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differences with respect to the gate electrode 452 are noted. Also, the formation 
of a pixel cell 400 according to the second exemplary embodiment is similar to 
that described above in connection with FIGS. 5 A through 5C, except that the 
gate electrode 452 is formed of a different material. For simplicity, a description 
of the process is not repeated and only the differences with respect to the gate 
electrode 452 are noted. 

[0056] According to the second exemplary embodiment of the 

invention, the work-function of the transfer gate electrode 452 is tailored by 
altering the dopant type and/or concentration of the gate electrode 452. The 
gate electrode 452 is a doped layer of polysilicon 452. 

[0057] Preferably, the doped layer of polysilicon 452 is a degenerately 

doped p+ layer 452 having a dopant concentration of greater than or equal to 
approximately 1 x 10 20 atoms per cm 3 . Preferably, the p-type dopant is boron, 
and the p+ layer 452 is doped using a boron-11 implant, as is known in the art. 
A p+ gate electrode 452 has a higher work-function than the convention n+ 
transfer gate electrode 8 of pixel cell 100 (FIG. 2). 

[0058] The work function of the p+ gate electrode 452 at least in part 

determines the dopant concentration in a channel region 455 (FIG. 4) of the 
gate 450, such that at a given threshold voltage, the dopant concentration is 
reduced or eliminated as compared a conventional pixel cell 10 (FIGS. 1 and 2). 
The lower dopant concentration in the channel region of the transfer gate 450 
serves to reduce a potential barrier in the photodiode/transfer gate region 430 
and to improve the sub-threshold leakage characteristics of the transfer gate 450. 

[0059] Alternatively, the doped layer of polysilicon 452 may be a lower 

doped p-type or n-type polysilicon layer 452. For purposes of this specification, 
the term "lower doped" refers to a dopant concentration that is below a 
concentration of a heavily doped p+ or n+ region. Accordingly, lower doped 
polysilicon has a work-function between that of n+ and p+ polysilicon. At a 
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given threshold voltage, a gate 450 comprising a lower doped polysilicon gate 
electrode 452 having a work-function between the work-functions of p+ Si and 
n+ Si. The work-function of the lower doped polysilicon layer 452, and thus the 
gate 450 work-function, is tailored by changing the dopant type and 
concentration. The dependence of work-function on n-type dopant 
concentrations in a polysilicon gate is discussed by Lifshitz, "Dependence of the 
Work-Function Difference Between the Polysilicon Gate and Silicon Substrate on 
the Doping Level in the Polysilicon," IEEE Trans. Elect. Dev. Vol. ED-32(3) 
pp. 617-621 (Mar. 1985), which is incorporated herein by reference. 

[0060] A lower doped n-type gate electrode 452 may be doped with 

phosphorus, arsenic, antimony, or any other appropriate n-type dopant. 
Preferably, however, the lower doped gate electrode 452 is a p-type gate 
electrode 452 and a p-type dopant is used, such as boron, indium, or any other 
suitable p-type dopant. 

[0061] The lower doped gate electrode 452 may be formed using 

conventional techniques. For example, a dopant resulting in poor activation, 
such as indium, may be used. Also, a polysilicon layer 452 that is of one 
conductivity type may be subsequently counter doped with a dopant of a 
different conductivity type to achieve the desired active dopant concentration. 

[0062] The work function of the lower doped gate electrode 452 at 

least in part determines the dopant concentration in a channel region 455 (FIG. 
4) of the gate 450, such that at a given threshold voltage, the dopant 
concentration is reduced or eliminated as compared with a conventional pixel cell 
10 (FIGS. 1 and 2). The reduced dopant concentration in the channel region 
455 serves to reduce a potential barrier in the photodiode/transfer gate region 
430 and improve charge transfer from the photodiode 421 to the floating 
diffusion region 404. 
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[0063] Lowering the active dopant concentration in the polysilicon 

layer 452 will also lead to depletion of the polysilicon layer 452. Depletion of 
the polysilicon layer 452 occurs near an interface with the oxide layer 453a which 
separates the polysilicon layer 452 from the substrate 401. The thickness of the 
depletion region plus the thickness of the oxide layer 453a yields an increased 
thickness in the total effective oxide layer. 

[0064] In additional exemplary embodiments of the invention, a pixel 

cell may have a gate structure that includes two or more regions having 
differendy tailored work- functions. Two such exemplary embodiments are 
described below in connection with FIGS. 6A-7B. A gate structure having a 
plurality of gate regions may be generally formed as described above in 
connection with FIGS. 5A-5C, except that operations can be performed 
separately on each region. Additionally, the gate structure's channel region can 
also be differendy doped under each gate region. 

[0065] The gate regions may be formed of different materials, or a 

same material that is doped to create regions having different work-functions. 
For example, one gate region may be formed of Si l x Ge x and another may be 
formed of p+ polysilicon; or one gate region may be formed of p+ Si l x Ge x and 
another one gate electrode may be formed of n+ Sij_ x Ge x . It should also be 
noted that one or more of the gate regions may be formed of n+ polysilicon. 
Additionally, the channel region may have different dopant concentrations under 
each gate region. 

[0066] FIG. 6A depicts a top plan view of a portion of a pixel cell 600 

having a gate, which is illustratively a transfer gate 650, that comprises two gate 
regions 650a and 650b with differendy tailored work-functions. FIG. 6B depicts 
a cross sectional view of the pixel cell 600 along line 6B-6B 5 . In the example of 
FIGS. 6A and 6B, transfer gate region 650b has a higher work-function than 
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gate region 650b, but gate region 650a may instead have a higher work- 
function. 

[0067] Referring to FIG. 6A, the transfer gate 650 is between a photo- 

conversion device, which is shown as photodiode 621, and a sensing node, which 
is shown as floating diffusion region 604. There are isolation regions, which are 
shown as STI regions 609, on opposing sides of photodiode 621 and floating 
diffusion region 604 and partially underlying portions of transfer gate 650. The 
STI regions 609 define between them an electrically active area, which, in the 
example of FIGS. 6A and 6B, includes the photodiode 621, the floating 
diffusion region 604, and the channel regions 655a, 655b (FIG. 6B). 

[0068] As shown in FIG. 6B, the gate 650 has a gate oxide layer 653a 

over the substrate 601 and between the STI regions 609. Conductive regions, 
652a and 652b are over the gate oxide layer 653a. Conductive region 652a has 
a lower work-function than region 652b. Accordingly, region 652a may be 
formed of a different material than region 652b. Also, regions 652a and 652b 
may be a same material with different doping characteristics to achieve different 
work- functions. For purposes of this specification, the term "doping 
characteristics" refers to the dopant used, conductivity type, and dopant 
concentration. Any one of, or any combination of, doping characteristics may be 
used to achieve different work-functions. Conductive region 652a may be an n+ 
polysilicon gate electrode, and region 652b may have a work-function greater 
than that of n+ polysilicon. Also, both regions 652a and 652b may have work- 
functions greater than that of n+ polysilicon. There is also an insulating layer 
653b over the regions 652a and 652b. 

[0069] Channel regions 655a and 655b are below and correspond to 

the gate regions 650a and 650b, respectively. Channel regions 655a and 655b 
may have same or different dopant concentrations. For example, if a same 
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threshold voltage is desired for both gate regions 650a and 650b, channel region 
655b may have a lower dopant concentration than channel region 655a. 

[0070] As shown in FIGS. 6A and 6B, gate region 650a extends 

beyond STI 609 and over the active area by a distance D a . Similarly, gate region 
650b extends beyond STI 609 and over the active area by a distance D b . 
Distances D a and D b may be equal to or different from one another. 

[0071] The different work-functions, different channel dopant 

concentrations, and/or different distances, D a and D b , for gate regions 650a and 
650b may be used to modulate and optimize the transfer gate and its operation 
as desired. 

[0072] FIG. 7A depicts a top plan view of a portion of a pixel cell 700 

having a gate, which is illustratively a transfer gate 750, comprising three gate 
regions: 750a, 750b, and 750c. FIG. 7B depicts a cross sectional view of the 
pixel cell 700 along line 7B-7B\ The transfer gate regions 750b and 750c have 
higher work-functions than gate region 750b. 

[0073] Referring to FIG. 7A, transfer gate 750 is between a photo- 

conversion device, which is illustrated as photodiode 721, and a sensing node, 
which is shown as floating diffusion region 704. There are isolation regions, 
which are illustratively STI regions 709, on opposing sides of photodiode 721 
and floating diffusion region 704 and partially underlying portions of transfer 
gate 750. The STI regions 709 define between them an electrically active area, 
which, in the example of FIGS. 7A-7B, includes the photodiode 721, the 
floating diffusion region 704, and the channel regions 755a, 755b, 755c (FIG. 
7B). 

[0074] As shown in FIG. 7B, the gate 750 has a gate oxide layer 753a 

over a substrate 701 and between the STI regions 709. Conductive regions, 
752a, 752b, and 752c are over the gate oxide layer 753a. Conductive region 
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752a has a lower work-function than regions 752b and 752c. Conductive 
regions 752b and 752c may have same or different work-functions. Accordingly, 
any appropriate combination of materials and/or doping characteristics may be 
used to achieve the desired work-functions for the regions 752a, 752b, and 
752c. Conductive region 752a may be formed of n+ polysilicon, and regions 
752b and 752c may have work-functions greater than that of n+ polysilicon. 
Also, regions 752a, 752b, and 752c may have work- functions greater than that 
of n+ polysilicon. There is also an insulating layer 753b over the regions 752a, 
752b, and 752c. 

[0075] Channel regions 755a, 755b, and 755c correspond to the gate 

regions 750a, 750b, and 750c, respectively. Channel region 755a has a higher 
dopant concentration than channel regions 755b and 755c. Channel regions 
755b and 755c may have same or different dopant concentrations. 

[0076] Gate regions 750b and 750c overlie the areas where 

photodiode 721 meets STI region 709. The area where the photodiode 721 and 
STI region 709 meet is typically a high leakage region due to STI stress related 
issues. Providing gate regions 750b and 750c having higher work- functions and 
reducing the dopant concentration in the channel regions 755b and 755c may 
control the sub -threshold leakage for the transfer transistor. 

[0077] Although additional embodiments in FIGS. 6A-7B show a 

transfer gate device having two or three gate regions having specific 
configurations, the invention is not limited to specific numbers or configurations. 
Accordingly, a gate may also have more than three gate regions and the gate 
regionss may have other configurations. 

[0078] In any of the embodiments described above, a gate may be part 

of a PMOS transistor, rather than an NMOS transistor described in connection 
with FIGS. 4-7B above. If the gate is part of a PMOS transistor, the photodiode 
would be an npn-type photodiode instead of a pnp-type photodiode as described 
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in connection with FIGS. 4-7B above, and the conductivity types of other 
structures would change accordingly. 

[0079] While the above embodiments discuss a transfer gate, other 

transistor gates in a pixel cell according to the invention may be formed similarly 
to the transfer gate as described above in connection with FIGS. 4-7B. 

[0080] Turning to FIG. 8, a schematic diagram of a pixel cell 800 is 

depicted according to an exemplary embodiment of the invention. The pixel cell 
800 has a floating diffusion node 804 and a pinned photodiode 821, which are 
formed as described above in connection with FIG. 5C. There is also a transfer 
transistor 850 having a gate formed according to one of the embodiments 
described above in connection with FIGS. 4-7B. 

[0081] The pixel cell 800 also comprises a source follower transistor 

870, a reset transistor 860, and a row select transistor 880. Each of the 
transistors 860, 870, and 880 comprise at least one gate region. At least one of 
the reset 860 and source follower 870 transistors may have a gate formed as 
described above in connection with FIGS. 4-7B. The transfer 850, reset 860, 
and source follower 870 gates may be formed having identically tailored work- 
functions; or one or more of the transfer 850, reset 860, and source follower 870 
gate regions may be formed having a work-function tailored differently from the 
others. 

[0082] The work-functions of the reset 860 and source follower 870 

gates may determine in part a dopant concentration in a channel region of the 
reset 860 and source follower 870 transistors, respectively. Alternatively, a 
dopant concentration in a channel region of the reset 860 and source follower 
870 transistors may be a conventional dopant concentration, and the work- 
functions of the reset 860 and source follower 870 gates may determine a desired 
threshold voltage for the reset 800 and source follower 870 transistors. 
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[0083] In any of the embodiments described herein, where both n- 

type and p-type gates are desired for a single pixel cell, the transfer gate 850 and 
other gates formed as part of the pixel cell may be formed by a dual polysilicon 
process in which separate mask levels are used to form the n-type and p-type 
gates as known in the art. 

[0084] Although the invention is described in connection with a four- 

transistor (4T) pixel cell, the invention may also be incorporated into other 
CMOS pixel cell designs having different numbers of transistors. Without being 
limiting, such a design may include a three-transistor (3T) cell or a five -transistor 
(5T) cell. A 3T cell omits the transfer transistor, but may have a reset transistor 
adjacent to a photodiode. A 5T cell differs from the 4T cell by the addition of a 
transistor, such as a shutter transistor or a CMOS photogate transistor. 

[0085] Depending on the design of a pixel cell, a transfer gate may not 

be adjacent to a photo -conversion device. In such as case, embodiments of the 
invention described herein with respect to a transfer transistor may instead be 
applicable to a different transistor. Without being limiting, such a transistor may 
be, for example, a reset transistor. 

[0086] FIG. 9 is a block diagram of an exemplary CMOS image sensor 

999 according to an embodiment of the invention. The imaging device has a 
pixel array 990 containing a plurality of pixel cells arranged in rows and columns. 
One or more of the pixel cells in the array 990 is a pixel cell 800 as described 
above in connection with FIG. 8. 

[0087] The image sensor 999 operates as is known in the art. 

Accordingly, the pixels of each row in array 990 are all turned on at the same 
time by a row select line, and the pixels of each column are selectively output by 
respective column select lines. The row lines are selectively activated by a row 
driver 991 in response to row address decoder 992. The column select lines are 
selectively activated by a column driver 965 in response to column address 
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decoder 971. The pixel array is operated by the timing and control circuit 995, 
which controls address decoders 992, 971 for selecting the appropriate row and 
column lines for pixel signal readout. The pixel column signals, which typically 
include a pixel reset signal (V m ) and a pixel image signal (V sig ), are read by a 
sample and hold circuit (S/H) 961 associated with the column driver 965. A 
differential signal (V nt - V sig ) is produced by differential amplifier (AMP) 962 for 
each pixel which is amplified and digitized by analog to digital converter (ADC) 
975. The analog to digital converter 975 supplies the digitized pixel signals to 
an image processor 985 which forms a digital image. 

[0088] Although the invention is described in connection with a 

CMOS image sensor, the invention is also applicable to analogous structures of a 
charge coupled device (CCD) image sensor. 

[0089] A typical processor- based system 1010, which includes the 

CMOS image sensor device 999 above, is illustrated generally in FIG. 10. A 
processor- based system 1010 is exemplary of a system having digital circuits that 
could include CMOS image sensor devices. Without being limiting, such a 
system could include a computer system, camera system, scanner, machine vision, 
vehicle navigation, video phone, surveillance system, auto focus system, star 
tracker system, motion detection system, image stabilization system, and data 
compression system. 

[0090] A processor- based system, for example a computer system, 

generally comprises a central processing unit (CPU) 1044, such as a 
microprocessor, that communicates with an input/output (I/O) device 1046 
over a bus 1052. The CMOS image sensor 999, which produces an image 
output from a pixel array, also communicates with the CPU 1044 over bus 1052. 
The processor-based system 1010 also includes random access memory (RAM) 
1048, and may include peripheral devices, such as a floppy disk drive 1054 and a 
compact disk (CD) ROM drive 1056, which also communicate with CPU 1044 
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over the bus 1052. The CMOS image sensor 999 may be combined with a 
processor, such as a CPU, digital signal processor, or microprocessor, with or 
without memory storage on a single integrated circuit or on a different chip than 
the processor. 

[0091] While the invention has been described in detail in connection 

with preferred embodiments known at the time, it should be readily understood 
that the invention is not limited to the disclosed embodiments. Rather, the 
invention can be modified to incorporate any number of variations, alterations, 
substitutions or equivalent arrangements not heretofore described, but which are 
commensurate with the spirit and scope of the invention. 
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